-The peptide hormone ghrelin is released from a distinct group of gastrointestinal cells in response to caloric restriction, whereas its levels fall after eating. The mechanisms by which ghrelin secretion is regulated remain largely unknown. Here, we have used primary cultures of mouse gastric mucosal cells to investigate ghrelin secretion, with an emphasis on the role of glucose. Ghrelin secretion from these cells upon exposure to different D-glucose concentrations, the glucose antimetabolite 2-deoxy-D-glucose, and other potential secretagogues was assessed. The expression profile of proteins involved in glucose transport, metabolism, and utilization within highly enriched pools of mouse ghrelin cells and within cultured ghrelinoma cells was also determined. Ghrelin release negatively correlated with D-glucose concentration. Insulin blocked ghrelin release, but only in a low D-glucose environment. 2-Deoxy-D-glucose prevented the inhibitory effect of high D-glucose exposure on ghrelin release. mRNAs encoding several facilitative glucose transporters, hexokinases, the ATPsensitive potassium channel subunit Kir6.2, and sulfonylurea type 1 receptor were expressed highly within ghrelin cells, although neither tolbutamide nor diazoxide exerted direct effects on ghrelin secretion. These findings suggest that direct exposure of ghrelin cells to low ambient D-glucose stimulates ghrelin release, whereas high D-glucose and glucose metabolism within ghrelin cells block ghrelin release. Also, low D-glucose sensitizes ghrelin cells to insulin. Various glucose transporters, channels, and enzymes that mediate glucose responsiveness in other cell types may contribute to the ghrelin cell machinery involved in regulating ghrelin secretion under these different glucose environments, although their exact roles in ghrelin release remain uncertain. secretion THE PEPTIDE HORMONE GHRELIN is the endogenous ligand of the growth hormone secretagogue receptor (GHSR) and is named for its ability to stimulate growth hormone release (32, 59). Ghrelin also regulates gastrointestinal motility, chronic stressinduced mood-related behaviors, and alcohol-seeking behaviors, among many other actions (1, 13, 15, 18, 31, 32, 34, 37) . Perhaps best studied are ghrelin's actions in signaling and responding to states of energy insufficiency. Regarding its role in signaling energy-insufficient states, ghrelin levels are known to rise prior to set meals, following food deprivation, and after weight loss linked to exercise, cachexia, and anorexia nervosa (9, 10, 33, 39, 42, 45, 55, 57, 60) . Several lines of evidence suggest that the rise in plasma ghrelin upon caloric restriction is likely related, at least in part, to binding of norepinephrine released from the sympathetic nervous system to ␤ 1 -adrenergic receptors embedded in the plasma membranes of ghrelin cells (14, 28, 41, 63) . Regarding ghrelin's role in responding to energy-insufficient states, infusions of ghrelin or GHSR agonists increase body weight via proorexigenic actions and/or decreases in energy expenditure (1, 43, 53, 59, 61) . Ghrelin shifts fuel preference away from metabolic utilization of fat as an energy source and increases the expression of fat storagepromoting enzymes (51, 56, 59 ). Also, ghrelin plays an obligatory role in mediating various hedonic components of eating (4). Of note, ghrelin's orexigenic actions seemingly help reverse the rises in ghrelin induced originally by energy insufficiency, as evidenced by a lowering of its circulating levels following a meal (10, 11). In lean humans, studies with isocaloric drinks have demonstrated that ingested proteins are most effective in lowering ghrelin, whereas ingested lipids are least effective; carbohydrates result in the largest initial drop and also a subsequent rebound above preprandial levels (20). It can be postulated that ghrelin secretion might be regulated by nutrients acting directly at the level of the ghrelin cell.
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Here, we have focused on the mediation of ghrelin secretion by the interaction of D-glucose directly with the ghrelin cell. This was achieved by establishing a model in which pools of dispersed mouse gastric mucosal cells, containing both ghrelin cells and nonghrelin cells, were grown in primary culture. The isolation and culture protocol offered by this in vitro system disrupts the usual gastric mucosal cell-cell interactions and thus facilitates the identification of direct ghrelin secretagogues and conditions linked to modulation of ghrelin secretion.
MATERIALS AND METHODS
Animals. Male C57Bl6/J mice aged 8 -12 wk fed a standard chow diet (Teklad Global 16% Protein Rodent Diet no. 2016; Harland Laboratory, Madison, WI) were used for harvesting cells. Animal studies were approved by the Institutional Animal Care and Use Committees at University of Texas Southwestern Medical Center and Saitama University.
Isolation of gastric mucosal cells. The following isolation protocol was reported previously, albeit in less detail (48, 50) . Following terminal anesthetization of mice using chloral hydrate (700 mg/kg body wt ip), the stomachs were exposed, and surgical suture was used to tie off the lumen of the stomach proximally from the esophagus and distally from the duodenum. The stomachs were quickly excised such that the sutures remained attached to the stomachs and were placed in cold PBS (Gibco, Gaithersburg, MD). A small, ϳ5-mm-long incision was placed in the nonglandular forestomach, and the stomach was emptied of the bulk of any ingested food matter by gently pushing the food out through the incision using a blunt forceps. The stomach was turned inside out by pushing the distal part of the stomach through the incision in the forestomach. Next, a blunt 20-gauge metal needle attached to a syringe was advanced into the inside-out stomach through the forestomach incision, and a piece of suture was used to tighten the incisional opening against the needle shaft. Cold DMEM with no glucose (Gibco) was injected into the stomach to inflate it, after which the needle was removed and the incisional opening completely tied off using the previously placed suture. The procedure from time of anesthetization to inflation of the stomach took 15-20 min, and each animal was done sequentially. The inflated, inside-out stomachs were placed temporarily in DMEM with no glucose on ice while awaiting the isolation of all the specimens. In our hands, the remaining steps of the isolation protocol described below were delayed another 20 min while these specimens were transported to the next location.
Next, the stomachs were removed from the cold DMEM and gently and rapidly brushed with a Kimwipe to remove any residual food particles. Our preparations for the ghrelin secretion studies (see below) were done using three stomachs, and all of them were placed into a single 50-ml conical tube containing 5 ml of digestion solution [2.5 mg of Dispase II (Roche Diagnostics, Indianapolis, IN) per 1 ml of PBS] per stomach [our preparations for fluorescent-activated cell sorting (FACS) separation were done using 3-5 stomachs, with the 4th or 4th and 5th stomachs being placed in a second 50-ml conical tube containing another 5 ml of digestion solution per stomach]. The tube was then incubated in a 37°C water bath for 90 min. The mucosal layer of each stomach was isolated by securing the forestomach with a forceps such that the stomach was held against the inside lip of a 100-ml glass beaker containing 10 ml of room-temperature DMEM-F-12 (which happened to contain 17.49 mM D-glucose; Mediatech, Manassas, VA) supplemented with 10% (vol/vol) FBS (Atlanta Biologicals, Lawrenceville, GA) and 100 U/ml penicillin plus 100 g/ml streptomycin sulfate (Gibco), and then a polyethylene transfer pipet (13-711-7M; Fisher Scientific, Pittsburgh, PA) was used to squirt some of the media over the sides of the stomach; while squirting, the transfer pipet was also scraped against the stomach as a further means to mechanically release the mucosal cells into the media. The cell suspension for each stomach was transferred to a 15-ml conical tube (1 tube for the cell suspension from each stomach), after which the tubes were centrifuged at 1,200 rpm for 3 min. For each tube, the supernatant was removed with a polyethylene transfer pipet, and the remaining cellular pellet was resuspended with another transfer pipet in 2.5 ml of 0.25% trypsin-EDTA (Gibco), followed by incubation in a 37°C water bath for 5 min. To inactivate the trypsin, 10 ml of DMEM-F-12 supplemented with 10% FBS was added, after which the cells were again resuspended and then collected by filtering through a 100-m nylon mesh (Cell Strainer, 352360; BD Falcon, Bedford, MA). The filtered cells were centrifuged at 1,200 rpm for 3 min, the supernatants were removed, and then the cellular pellets from all three stomachs were resuspended in a total of 5 ml of DMEM-F-12 supplemented with 10% FBS, 100 U/ml penicillin plus 100 g/ml streptomycin, and 50 M octanoate-BSA [note that the octanoate-BSA conjugate was prepared as a 10-mM stock solution by dissolving 16.62 mg of sodium octanoate (Sigma, St. Louis, MO) in 6.67 ml of 0.9% NaCl (Sigma) and adding 3.33 ml of fatty acid-free BSA (Sigma)]. The number and concentration of isolated cells were determined using a hemocytometer. On average, we were able to isolate 2 ϫ 10 6 cells from each stomach. The same medium was used to dilute the cells to a final concentration of 1 ϫ 10 5 cells/ml. Ghrelin secretion studies. Studies were run on isolated gastric mucosal cells from a total of three C57BL6/J mice at a time since greater variation was observed when cells were isolated from more than three mice at a time, suggesting that extended isolation time impairs cell recovery and function. The cells were placed into the wells of poly-L-lysine-coated 24-well plates (1 ϫ 10 5 cells/well in 1 ml of medium) and incubated in humidified 95% air and 5% CO2 at 37°C. Upon initial plating, most of the mixed population of cells was not in contact with one another, with the exception of the occasional doublets. For the Fig. 1 studies, after a 16-to 18-h incubation, the medium was aspirated from the cells and replaced with serum-free DMEM containing 100 U/ml penicillin, 100 g/ml streptomycin sulfate, 50 M octanoate-BSA, and 5 mM glucose with or without one of the following reagents: epinephrine (10 M; Sigma), norepinephrine (10 M; Sigma), insulin (100 nM; Sigma), somatostatin (100 nM; Phoenix Pharmaceuticals, Belmont, CA), secretin (100 nM; Phoenix Pharmaceuticals), endothelin-1 (100 nM; Peptides International, Louisville, KY), or PMA (20 M; Tocris Bioscience, Minneapolis, MN). The cells were exposed to these potential secretagogues for 6 h in humidified 95% air and 5% CO 2 at 37°C. For the Fig. 2 and Fig. 3 studies, which examined the effects of D-glucose, the plated cells were treated similarly after the 16-to 18-h incubation for 6 h in serum-free DMEM containing 100 U/ml penicillin, 100 g/ml streptomycin sulfate, 50 M octanoate-BSA, and the stated concentrations of D-glucose, L-glucose (Sigma), norepinephrine, insulin, 2-deoxy-Dglucose (Sigma), tolbutamide (Sigma), and diazoxide (Sigma). Stock solutions of tolbutamide and diazoxide were prepared in DMSO, resulting in DMSO concentrations within the media of 0.05 (vol/vol) and 0.025% (vol/vol), respectively; 0.05% (vol/vol) DMSO was also included in the appropriate control wells for Fig. 3 , D and E. Fig. 1 . Secretion of ghrelin upon exposure of primary cultures of dispersed mouse gastric mucosal cells to peptide hormones and other compounds. Levels of acyl ghrelin (A) and desacyl ghrelin (B) released into the culture medium (DMEM; 100 U/ml penicillin, 100 g/ml streptomycin sulfate, 50 M octanoate-BSA, and 5 mM glucose) upon 6-h incubation of dispersed mouse gastric mucosal cells in medium alone (control) or medium containing epinephrine (10 M), norepinephrine (10 M), insulin (100 nM), somatostatin (100 nM), secretin (100 nM), endothelin-1 (100 nM), and PMA (20 M) . Each bar represents the ghrelin level in the medium relative to that observed under the control condition (A: 462.6 Ϯ 9.2 pg/ml; B: 1,995.4 Ϯ 45.7 pg/ml) and is shown as the mean Ϯ SE for 3 wells containing 1 ϫ 10 5 cells/well in 500 l of medium. ***P Ͻ 0.001, level of statistical significance.
Following the 6-h incubations, the medium was immediately collected and centrifuged at 3,000 rpm for 5 min. To stabilize acyl ghrelin, the supernatants had 1 N HCl added to achieve a final HCl concentration of 0.1 N and were stored at Ϫ80°C.
Of note, it is customary when preparing plasma for subsequent assay of acyl ghrelin to add a protease inhibitor such as PHMB (p-hydroxymercuribenzoate) prior to the HCl stabilization step as another step to stabilize the acyl group (26, 35, 58) . To test the requirement for the protease inhibitor with the current cell culturebased system, pilot secretion studies were performed as described above in serum-free DMEM medium (containing penicillin, streptomycin, and octanoate-BSA) plus 1, 5, or 10 mM D-glucose (as described above) with or without 0.05% DMSO. Each condition was run four times in each of two separate trials. After the usual 6-h incubation, a stock solution of PHMB was added to the supernatants from one-half of the wells (to achieve a final concentration of 1 mM) prior to the HCl stabilization step. PHMB had no statistically significant effect on assayed acyl ghrelin levels, and thus for all subsequent trials, PHMB was not used.
Measurement of ghrelin levels. Ghrelin levels were determined using rat acylated ghrelin (no. 10006307) and rat unacylated ghrelin (no. 10008953) ELISA kits (Cayman Chemical, Ann Arbor, MI). Absorbance data were collected via a BioTek spectrophotometer, using the KC Junior program (BioTek Instruments, Winooski, VT).
Isolation of ghrelin cell-enriched and non-ghrelin cell-enriched pools of gastric mucosal cells using ghrelin-humanized Renilla reniformis green fluorescent protein transgenic mice. Gastric mucosal cells were isolated from ghrelin-humanized Renilla reniformis green fluorescent protein (hrGFP) reporter mice (hrGFP10) (48), as described above. After being washed in PBS, cells were resuspended in FACS buffer (Hanks' balanced salt solution containing 3% fetal bovine serum, 0.5 mM EDTA, 0.1% BSA, 10 U/ml DNase I, and 20 mg/ml glucose). The cells were sorted with a DakoCytomation MoFlo (Dako, Carpinteria, CA) at the University of Texas Southwestern Flow Cytometry Multi-User Core Facility on the basis of size, complexity, and intensity of GFP fluorescence (at 530 nm) and fluorescence at 585 nm. Three independent preparations (3-5 mice were used for each independent preparation) were included in the subsequent analyses.
RNA extraction and quantitative real-time polymerase chain reaction. The hrGFP-positive pools and the hrGFP-negative pools were adjusted to contain a matched number of cells (6,500, 10,000, and 12,500 cells for preparations 1, 2, and 3, respectively). The cells in each pool were collected by centrifugation at 4°C at 3,000 rpm for 10 min. Total RNA was extracted from these cellular pellets using a standard guanidium thiocyanate-phenol-chloroform extraction protocol after the addition of RNA STAT-60 (Tel-Test, Friendswood, TX). Total RNA was also extracted from two different mouse ghrelinoma cell lines, SG-1 and PG-1 (63), using RNA STAT-60. Concentration and relative purity of the RNA were determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA), and it was stored at Ϫ80°C until use. Complementary DNA was synthesized for each individual sample using Superscript III reverse transcriptase (Life Technologies, Grand Island, NY). Quantitative PCR was performed using the iTaq SYBR Supermix (Bio-Rad Laboratories, Hercules, CA) and an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA). Initial template denaturation (3 min at 95°C) was performed, followed by 40 cycles of denaturation (15 s at 95°C), annealing, and extension (45 s at 60°C). Reactions were evaluated by the comparative threshold cycle (C T) method, using cyclophilin as the invariant control gene. Such was done separately for each of the three different hrGFP-positive pools, each of the three different hrGFP-negative pools, and each of the preparations of SG-1 and PG-1 cells. Previously, we have reported comparing the C T values of several genes amplified from FACS-separated gastric mucosal cells with the CT values of a separate housekeeping gene, 36B4, and observed results similar to those determined with cyclophilin (50) . Sequences of primers are listed in Table 1 . Primers used (Table 1) were as published previously [ghrelin, cyclophilin, and ghrelin Oacyltransferase (48, 50) ], newly designed [somatostatin receptor (SSTR)2, SSTR5, secretin receptor, GLUT2, hexokinase 1, hexokinase 2, and hexokinase 3], or gifts from Joyce Repa (University of Texas Southwestern Medical Center). The newly designed primers were designed using Primer Express Software (Life Technologies).
These primer pairs were further tested for specificity to the gene of interest by analysis using the Basic Local Alignment Search Tool and Primer-BLAST (National Center for Biotechnology Information). Only those primer pairs for which neither of the two primers bound with 100% specificity to the gene of interest, did not bind to another gene of interest, and/or did not amplify another random DNA fragment Ͻ1 kb in size were used. The efficiencies of the primers were validated by verifying a slope of approximately Ϫ3.3 when the logs of the cDNA concentration at different serial dilutions were compared with the C T (cDNA dilutions ranged from 50 to 0.016 ng of cDNA). The primers were designed to amplify regions of cDNA that in the corresponding genomic DNA span introns to further ensure the amplification of cDNA derived from mRNA rather than residual genomic DNA.
Statistical analysis. Data are expressed as means Ϯ SE. GraphPad Prism 5 software (GraphPad Software, San Diego, CA) was used to perform all statistical analyses. One-way anaylsis of variance (ANOVA) followed by Dunnett's post hoc test was used to assess the effects on desacyl ghrelin and/or acyl ghrelin secretion of various reagents (all in a single D-glucose environment; Fig. 1 ), D-glucose concentration (Fig. 2) , norepinephrine, insulin, and 2-deoxy-D-glucose for each of three different D-glucose concentrations (Fig. 3A) , and (Fig. 3B) or DMSO, tolbutamide, and diazoxide for each of three different D-glucose concentrations (Fig. 3C ). Two-way ANOVA was used to assess the effects of D-glucose concentration and tolbutamide (and the interaction between them) on norepinephrine-stimulated acyl ghrelin levels ( Fig. 3D ) and on insulin-influenced acyl ghrelin levels (Fig. 3E ). For the quantitative real-time polymerase chain reaction (qPCR) studies, we determined the mean Ϯ SE for each of the tissue types and then used a one-way ANOVA followed by Dunnett's post hoc test to determine statistical significance. P Ͻ 0.05 was considered statistically significant.
RESULTS
Validation of dispersed mouse gastric mucosal cell primary culture model. In the current study, we examined ghrelin secretion from preparations of dispersed mouse gastric mucosal cells grown for a brief time in primary culture. Here, cells comprising the gastric mucosa of adult mice were enzymatically and mechanically separated from the stomach, dispersed such that they were no longer in contact with one another, and then studied in primary culture. Approximately 0.3 to 1% of this mixed population of gastric mucosal cells is thought to be ghrelin cells (48) . A similar isolation protocol and primary cell culture system was described previously for rat stomach cells, although in that system, the isolated cells were first exposed to Percoll centrifugation to enrich for ghrelin cells prior to plating (49) . Previously, we also used an identical isolation protocol to prepare gastric mucosal cells from ghrelin-hrGFP (humanized Renilla reniformis green fluorescent protein) transgenic reporter mice for FACS to generate highly enriched pools of ghrelin cells (see more below) (48) . Of note, despite several manipulations to the protocol, the survivability of the hrGFP-positive gastric mucosal cells was shown to drop significantly following their enrich- Fig. 3 . Impact of ambient D-glucose concentration on the ghrelin secretagogic effects of various reagents. Levels of acyl ghrelin released into the culture medium upon 6-h incubation of dispersed mouse gastric mucosal cells in medium (DMEM; 100 U/ml penicillin, 100 g/ml streptomycin sulfate, and 50 M octanoate-BSA) containing various concentrations of D-glucose Ϯ 10 M norepinephrine (NE), 100 nM insulin (Ins), or 10 mM 2-deoxy-D-glucose (2DG) (A), 10 mM L-glucose (B), 0.05% (vol/vol) DMSO, 500 M tolbutamide (Tolb), or 100 M diazoxide (DZX) (C), 10 M NE Ϯ 500 M Tolb (D), and 100 nM Ins Ϯ 500 M Tolb (E). In A, the patterned bars in each set represent the ghrelin levels in the medium relative to that observed upon incubation in 1 (636.5 Ϯ 37.0 pg/ml), 5 (444.7 Ϯ 34.8 pg/ml), or 10 mM D-glucose (348.9 Ϯ 10.1 pg/ml) alone (open bars) and are shown as means Ϯ SE for 2 different cell preparations each containing 3 wells. In B, each bar represents the ghrelin level in the medium relative to that observed upon incubation in 1 mM D-glucose (853.8 Ϯ 6.9 pg/ml) and is shown as the mean Ϯ SE for 4 wells. In C, the patterned bars in each set represent the ghrelin levels in the medium relative to that observed upon incubation in 1 (624.2 Ϯ 95.7 pg/ml), 5 (376.3 Ϯ 51.7 pg/ml), or 10 mM D-glucose (313.7 Ϯ 35.2 pg/ml) alone (open bars) and are shown as means Ϯ SE for 2 different cell preparations each containing 2-3 wells. In D and E, each bar represents the ghrelin level in the medium relative to that observed upon incubation in 1 mM Dglucose ϩ 10 M NE (884.4 Ϯ 63.7 pg/ml) and 1 mM D-glucose ϩ 100 nM Ins (378.0 Ϯ 86.0 pg/ml), respectively, and is shown as the mean Ϯ SE for 2 different cell preparations each containing 2-3 wells. Wells for all these studies contained 1 ϫ 10 5 cells/well in 500 l of medium. Asterisks in A denote the level of statistical significance relative to the open bar of the set, and asterisks in B denote the significant effect of the condition noted. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. ment by FACS analysis, thus precluding studies of these enriched pools in primary culture.
To confirm the survivability and functionality of the ghrelin cells within the nonsorted, dispersed gastric mucosal cell primary culture model used here, we first treated the cells with two adrenergic agonists, epinephrine and norepinephrine. Previous studies have consistently demonstrated a ghrelin secretory action for epinephrine and norepinephrine. For instance, in vivo studies in rats and mice have shown induction of ghrelin secretion upon stimulation of the sympathetic nervous system (41, 63) . Both of these compounds also potently stimulate ghrelin release when infused via microdialysis probes into the gastric mucosa of rats (14) and when added to the culture media of immortalized ghrelinoma cell lines (28, 63) . These data, along with the finding of high levels of ␤ 1 -adrenergic receptors on ghrelin cells isolated from ghrelin-hrGFP reporter mice, suggest that these catecholaminergic agents may act directly on ghrelin cells to stimulate ghrelin release (63) . Here, both epinephrine and norepinephrine (10 M) potently stimulated ghrelin release from the dispersed gastric mucosal cell primary culture system (Fig. 1) , thus confirming this system as a valid model with which to investigate ghrelin secretion.
Regulation of ghrelin secretion by other peptide hormones and compounds. We also investigated the effects of the peptide hormones insulin, somatostatin, secretin, and endothelin-1 on ghrelin release using the dispersed gastric mucosal cell primary culture model. These hormones were studied given previous work suggesting that they play a role in ghrelin secretion (see below). When cells were incubated in the presence of 5 mM D-glucose, none of the mean acyl ghrelin levels that accumulated in the culture media in response to 100 nM insulin (413.1 Ϯ 29.3 pg/ml), 100 nM somatostatin (390.3 Ϯ 24.7 pg/ml), 100 nM secretin (414.8 Ϯ 17.3 pg/ml), or 100 nM endothelin-1 (487.4 Ϯ 53.8 pg/ml) was statistically different from that released under basal conditions (462.6 Ϯ 9.2 pg/ml) when assessed using 1-way ANOVA (Fig. 1A) . Nor did any of these hormones affect levels of desacyl ghrelin that accumulated in the culture media (Fig. 1B) .
Effects of the phorbol ester PMA were also examined. This compound directly alters the activity of key modulators downstream of G protein-coupled and other plasma membranebound receptor signaling cascades, which in other systems affect secretory activity. PMA and other phorbol esters bind to the C1b regulatory domain of members of the conventional protein kinase C family, including PKC␣, PKC␤, and PKC␥, and activate those PKC isozymes, thus bypassing their normal activation by binding of diacylglycerol generated by phospholipase C (7). Phorbol esters also bind members of the novel PKC and RasGRP families. Here, 20 M PMA potently increased both acyl ghrelin and desacyl ghrelin in the culture medium (Fig. 1) .
mRNA expression profiles of ghrelin cells. Since the dispersed gastric mucosal cell primary culture model consists primarily of nonghrelin cells in addition to ghrelin cells, we next sought to determine whether highly purified populations of ghrelin cells express the receptors and molecular targets for the peptide hormones and compound tested. We prepared highly enriched pools of gastric ghrelin cells by taking advantage of the hrGFP reporter present in a previously described line of ghrelin hrGFP transgenic mice (hrGFP10 line) (48) . qPCR was performed on mRNAs isolated from both the hrGFP-positive (ghrelin cell-enriched) and the hrGFP-negative (non-ghrelin cell-enriched) pools, and the average levels of the mRNA species of interest relative to that of the housekeeping gene cyclophilin were determined. Previously, this method has been used to confirm expression within ghrelin cells of prohormone convertases 1/3 and 2 (48), ghrelin O-acyltransferase (50) , and ␤ 1 -adrenergic receptor (63) . Similar analyses were done using mouse ghrelinoma cell lines SG-1 and PG-1 established previously from mice bearing ghrelinomas induced by a tissue-specific SV40 T-antigen transgene (63). Ghrelin  5=-GTCCTCACCACCAAGACCAT-3=  5=-TGGCTTCTTGGATTCCTTTC-3=  GOAT  5=-TCCACAGCCTGGCTCTTTAAAC-3=  5=-GCCGCGTGGAGGAGAGA-3=  Insulin receptor  5=-CGAGTGCCCGTCTGGCTATA-3=  5=-GGCAGGGTCCCAGACATG-3=  SSTR1  5=-GCTACGCCAAGATGAAGACCG-3=  5=-GCTCATCAGCAATAGCCAGGTTT-3=  SSTR2  5=-ACCCCAGCCCTGAAAGG-3=  5=-CGCAGCTGTTGGCATAGGT-3=  SSTR3 5=-CTACGGCTTCCTCTCCTACCG-3= 5=-CGACGTGATGGTCTTAGCAGGA-3= SSTR4 5=-ACTGGAGGTGCTGAGGAAGA-3= 5=-TCTTGGTGAAAGGGACTTGC-3= SSTR5 5=-TGGCTGACGTGTTGTTTATGTTG-3= 5=-ACCAGGCGGCACAAGAAG-3= Secretin receptor 5=-TACTCTTCCCCGCAGATGAC-3= 5=-AGATAGAGGCCCTCCACCAG-3= Endothelin receptor A 5=-GCGGATCGCCCTTAGTGA-3= 5=-GATGACAACCAAGCAGAAGACAGT-3= Endothelin receptor B 5=-CTGCGAAATGCTCAGGAAGAA-3= 5=-CGAGGACCAGGCAGAAGACT-3= PKC␣ 5=-GAAACTCACAGACTTCAACTT-3= 5=-ATCTTGATGGCGTACAGTTC-3= PKC␤ 5=-AATGGCAACAGGGACCGGAT-3= 5=-TACCCTTCCGCTCTGAGAGC-3=  PKC␥  5=-TGGCCGATGCTGACAACTGC-3=  5=-TGGGGGATGGAGAAGGGATG-3=  GLUT1  5=-CGTCGTTGGCATCCTTATTG-3=  5=-GAGGCCACAAGTCTGCATTG-3=  GLUT2  5=-TCCAACCACACTCAGGGGTG-3=  5=-AAGCTGAGGCCAGCAATCTG-3=  GLUT3  5=-TGTTGGACTCTTTGTCAACCG-3=  5=-GGCCAGCAAGTTGACTAGAAGC-3=  GLUT4  5=-CCTTTCTCATTGGCATCATTTC-3=  5=-CACGGCCAAGACATTGTTG-3=  GLUT5 5=-GGGCCGTCAATGTGTTCAT-3= 5=-CCGACGAGGAGTAGGAATCG-3= Glucokinase 5=-CCGTGATCCGGGAAGAGAA-3= 5=-GGGAAACCTGACAGGGATGAG-3= Hexokinase 1 5=-CGAGCCTAGATTGCGGAATC-3= 5=-AAATTCCTCTCTCCTTTTTACAGCAT-3= Hexokinase 2 5=-GTCTCGGATATTGAAGACGATAAGGA-3= 5=-GCGCGTGGACACAATCTG-3= Hexokinase 3 5=-CTGACAGTGTCTGTGGGAGTAGATG-3= 5=-GGCTAGCTTCCGGACTGTTG-3= Kir6.2 5=-GCAGAGCCCAGGTACCGTACT-3= 5=-CGTTGCAGTTGCCTTTCTTG-3= SUR1 5=-TCTCGCCTTTTTCCGAATG-3= 5=-TGTCGATGCCATCAATGATA-3= Cyclophilin 5=-TGGAGAGCACCAAGACAGACA-3= 5=-TGCCGGAGTCGACAATGAT-3=
GOAT, ghehlin O-acyltransferase; SSTR, somatostatin receptor; GLUT, glucose transporter; SUR1, sulfonylurea type 1 receptor.
To confirm adequacy of the FACS separation, we first assessed levels of ghrelin and ghrelin O-acyltransferase within each pool. Messenger RNAs for ghrelin and ghrelin O-acyltransferase were significantly higher within the hrGFP-positive pools, as expected (Table 2) .
Insulin receptor mRNA was observed in both the hrGFPnegative pools and the ghrelin cell-enriched pools (with higher levels observed in the latter) as well as in both ghrelinoma cell lines. Expression of five different SSTRs was also examined. Marked elevations in SSTR1 and SSTR3 mRNA were observed in the hrGFP-positive pools compared with the hrGFPnegative pools. SSTR2 and SSTR5 were increased slightly within the hrGFP-positive pools, whereas SSTR4 was not detected in either FACS-separated pool. All of these SSTRs were observed in the ghrelinoma cell lines. Secretin receptor mRNA was observed in both FACS-separated pools but was barely detectable in the ghrelinoma cell lines. mRNAs for entothelin receptors A and B were barely detected or not detected in the FACS-separated cells and the ghrelinoma cells. mRNAs encoding PKC␣ and PKC␤ were found in both FACSseparated pools and both ghrelinoma cell lines, although PKC␤ levels in the ghrelinoma cell lines were much lower than in the hrGFP-positive pools; PKC␥ mRNA was not detected in any sample.
Effects of glucose on ghrelin release. We next investigated the effects of exposing the primary cultures to different concentrations of D-glucose. Compared with levels of acyl ghrelin released into the media in an environment of 5 mM D-glucose, which is equivalent to a normal blood glucose level (90 mg/dl), increased D-glucose (10 mM, which is equivalent to 180 mg/dl) lowered the amount of acyl ghrelin released by 16% (Fig. 2A) . On the other hand, when ambient D-glucose levels were lowered to 1 mM (the equivalent of 18 mg/dl), acyl ghrelin release was enhanced, resulting in a 31% increase in acyl ghrelin levels in the media (Fig. 2A) . Similar effects of raising and lowering D-glucose were noted for desacyl ghrelin (Fig. 2B) . These changes were statistically significant.
The effect of glucose on ghrelin release was explored further by incubating the cells with different concentrations of D-glucose together with norepinephrine, insulin, 2-deoxy-D-glucose, or L-glucose (Fig. 3, A and B) . Norepinephrine (10 M) was effective at stimulating ghrelin secretion not only in the presence of 5 mM D-glucose, as had been observed in Fig. 1 , but also in the presence of lower (1 mM) and higher (10 mM) D-glucose (Fig. 3A) . The D-glucose-dependent pattern of ghrelin release induced by norepinephrine seemed to mirror that observed in the absence of norepinephrine only at a higher mean level (Fig. 3A) . Also, as had been observed in Fig. 1 , insulin (100 nM) had no statistically significant effect on ghrelin release in the condition of 5 mM D-glucose; insulin was similarly ineffective at altering ghrelin release in the presence of 10 mM D-glucose (Fig. 3A) . However, when the cells were Table 2 Ghrelin cell-enriched (hrGFP-positive) and non-ghrelin cell-enriched (hrGFP-negative) gastric mucosal cells were FACS separated, and mRNAs from these pools and from SG-1 and PG-1 ghrelinoma cell lines were extracted and quantified by quantitative real-time PCR, as described in MATERIALS AND METHODS. Cyclophilin mRNA was used as an invariant control. Each value represents the amount of mRNA relative to that in the hrGFP-negative pool, which is arbitrarily defined at 1.0 and is shown as the means Ϯ SE of 3 different preparations. Each determination was done in duplicate. #Values in parentheses denote the mean Ϯ SE of threshold cycle values. *Level significantly different from non-ghrelin cell-enriched pools (P Ͻ 0.05), as determined by 1-way ANOVA followed by Dunnett's post hoc analysis. †Threshold cycle value Ն35. ‡In instances when mRNA was not detected in the hrGFP-negative pools but was detected in 1 or more of the other cell types (thereby precluding a relative comparison with the levels observed in the hrGFP-negative pools), the threshold cycle values for the other cell types are listed in parentheses.
. Relative levels of mRNAs in FACS-separated gastric mucosal cells from hrGFP mice and in 2 ghrelinoma cell lines
exposed to 1 mM D-glucose, insulin did restrict ghrelin release in a statistically significant manner (Fig. 3A) . The glucoprivic D-glucose analog 2-deoxy-D-glucose, which is taken up into cells where it subsequently blocks D-glucose metabolism, was also tested. The addition of 2-deoxy-D-glucose (10 mM) to culture medium containing 10 mM D-glucose blocked the expected decrease in ghrelin release otherwise observed upon ambient D-glucose concentration being raised (Fig. 3A) . Compared with incubations without 2-deoxy-D-glucose, the addition of 2-deoxy-D-glucose raised ghrelin secretion observed under conditions of 10 mM D-glucose and 5 mM D-glucose, whereas no statistically significant difference in ghrelin secretion was observed upon the addition of 2-deoxy-D-glucose to culture medium with 1 mM D-glucose (Fig. 3A) .
The importance of D-glucose metabolism within the cells as a mechanism for D-glucose-induced inhibition of ghrelin release was suggested further upon incubation of the primary cultures with L-glucose, which is the diastereoisomer of D-glucose and does not serve as a substrate for glycolysis (Fig. 3B) . In contrast to the reduction in ghrelin release observed upon incubation of the cells in 11 mM D-glucose compared with 1 mM D-glucose, the addition of 10 mM L-glucose had no effect on ghrelin release (Fig. 3B) .
Mechanistic aspects of glucose-mediated changes to ghrelin release. The enhanced ghrelin release observed in the primary culture system upon 2-deoxy-D-glucose-induced glucoprivation, which impersonates a state of low ambient D-glucose, supports the assertions that ghrelin secretion is inversely proportional to the ambient D-glucose concentrations to which ghrelin cells are directly exposed and that metabolism of D-glucose is essential to decrease ghrelin release. Thus, we next investigated the expression of various glucose metabolismrelated enzymes and channels that help other cell types sense and respond to changes in D-glucose concentration, using a qPCR-based strategy.
Messenger RNAs encoding several members of the glucose transporter (GLUT) family of facilitative glucose transporters were localized to ghrelin cell-enriched (hrGFP-positive) gastric mucosal cell pools (Table 2) . These included GLUT1, GLUT4, and GLUT5. GLUT1 expression was nearly as high in the hrGFP-negative pools as in the hrGFP-positive pools. GLUT2 was not detected within either pool, whereas GLUT3 seemed restricted to the non-ghrelin cell-enriched pools. Nonetheless, GLUT3 was observed at fairly high levels in both ghrelinoma cell lines. GLUT4 was higher in both ghrelinoma cell lines, and GLUT5 was higher within the hrGFP-positive pools and the ghrelinoma cell lines.
Messenger RNA encoding glucokinase, which is known to catalyze the rate-limiting step in glucose metabolism in pancreatic ␤-cells, was also highly enriched in the hrGFP-positive pool, as were mRNAs encoding the inwardly rectifying potassium channel Kir6.2 and the high-affinity sulfonylurea type 1 receptor (SUR1; Table 2 ). Expression of hexokinase 1 and hexokinase 2, which, similar to glucokinase, also phosphorylate glucose, was modest within both FACS-separated pools, whereas hexokinase 3 was not detected. Glucokinase, hexokinase 1, hexokinase 2, Kir6.2, and SUR1 also were expressed in ghrelinoma cells, as was a low level of hexokinase 3.
A complex of Kir6.2 and SUR1 comprises the well-characterized pancreatic ␤-cell ATP-sensitive potassium (K ATP ) channel (27) . Within the pancreatic ␤-cell, this Kir6.2-SUR1 complex plays a key role in insulin secretion, whereby closure of K ATP channels and the ensuing depolarization of ␤-cells is the major pathway by which D-glucose-induced insulin secretion, as well as sulfonyurea-induced insulin secretion, occurs (8) . The opening of K ATP channels is the mechanism by which the drug diazoxide works to inhibit insulin secretion in cases of congenital hyperinsulinism (25, 30) . Because of the presence of both Kir6.2 and SUR1 at such high levels within the ghrelin cell-enriched pools and the ghrelinoma cell lines, we examined the effects of both the sulfonylurea tolbutamide and diazoxide on ghrelin release from the primary cell cultures (Fig. 3C) . Once again, acyl ghrelin release was inversely proportional to the amount of D-glucose in the media (1 vs. 5 vs. 10 mM D-glucose). However, concentrations of tolbutamide (500 M) and diazoxide (100 M) shown in other in vitro studies to influence insulin release from pancreatic ␤-cells and/or islets (25, 40) neither enhanced nor inhibited ghrelin secretion at D-glucose concentrations simulating hypoglycemic, normoglycemic, or hyperglycemic conditions (Fig. 3C) . Nor did tolbutamide significantly alter the effects of norepinephrine or insulin on ghrelin release (Fig. 3, D and E) .
DISCUSSION
Here, we used primary cultures of dispersed mouse gastric mucosal cells to investigate ghrelin secretion. This model was validated by the demonstration of ghrelin secretion by epinephrine and norepinephrine, which were shown previously to have the same effect in vitro, using ghrelinoma cell lines, as well as in vivo (14, 28, 41, 63) . Neither insulin, somatostatin, secretin, nor endothelin-1 had a statistically significant effect on ghrelin release from the dispersed cells upon incubation in the presence of 5 mM D-glucose. Similarly to the catecholamines used, the phorbol ester PMA, which is best characterized as an activator of several members of the protein kinase C family, markedly enhanced ghrelin secretion. Messenger RNAs encoding the receptors and direct molecular targets of these peptide hormones and compounds were found at varying levels within highly enriched pools of ghrelin cells and within two different mouse ghrelinoma cell lines at levels ranging from very high (relative to non-ghrelin cell-enriched pools of gastric mucosal cells) to barely detectable. Compared with that observed in an environment of 5 mM D-glucose, which simulates a normoglycemic state, ghrelin release from the cultured cells was inhibited by high D-glucose (10 mM) and stimulated by low D-glucose (1 mM). Metabolism of D-glucose within the cells seemed to be essential for its inhibitory effect on ghrelin release since the reductions in ghrelin levels achieved by incubation in media with both 5 and 10 mM D-glucose (compared with the higher ghrelin release observed in 1 mM D-glucose) were blocked by the glucoprivic agent 2-deoxy-D-glucose. Corroborating this latter point, L-glucose had no effect on ghrelin release. However, an inhibitory effect of insulin on ghrelin release was observed, such as that which occurred only in conditions of low D-glucose (1 mM). Messenger RNAs encoding several channels and enzymes responsible for mediating the effects of glucose on secretion in other cell types, including hexokinase 1, hexokinase 2, glucose transporters GLUT1, GLUT4, and GLUT5, glucokinase, and both components of the pancreatic ␤-cell K ATP channel (Kir6.2 and SUR1), were all expressed highly within ghrelin cells, with the latter five genes also being highly enriched within ghrelin cells compared with other gastric mucosal cell types. Despite the presence of the K ATP channel within ghrelin cells, neither the sulfonylurea agent tolbutamide (a K ATP channel blocker) nor diazoxide (a K ATP channel activator) exerted any apparent direct effect on ghrelin secretion.
There are several noteworthy discussion points and implications for these results. The first relates to the use of the dispersed gastric mucosal cell system to study ghrelin secretion. This model provides for gastric mucosal cells that have been physically separated from their neighbors and helps to isolate any observed effects on ghrelin secretion to direct effects on ghrelin cells. Caveats of the system include possible indirect paracrine effects of substances released into the culture medium by the other nonghrelin cells that comprise the majority of cells in culture. Possible untoward effects of the enzymatic and mechanical dispersion protocols might also influence the observed results. It is assumed that disruptive mechanical changes to the cells are magnified with FACS analysis, precluding FACS-separated ghrelin cells from ghrelin-hrGFP mice from being studied in primary culture, although mRNA expression data from highly enriched, FACSseparated pools of ghrelin cells does help provide perspective into the secretion data obtained using the primary culture system. As used here, the dispersed gastric mucosal cell system was able to confirm findings of catecholamine-induced ghrelin secretion observed in immortalized mouse ghrelinoma cell lines and using various other modalities (28, 63) . Although the mouse ghrelinoma cell lines are predicted to be key tools to studying ghrelin secretion in the future, the variations in mRNA expression described here (for instance, undetectable GLUT3 in ghrelin cell-enriched pools vs. markedly elevated GLUT3 within SG-1 and PG-1 cells) expose some potential limitations of the ghrelinoma cell lines as models of normal ghrelin cell function. Similar types of differences result in altered glucose sensitivity within immortalized pancreatic ␤-cell lines, thereby somewhat limiting their utility as an exact replica of wild-type ␤-cells (12) .
The ability of D-glucose to regulate ghrelin secretion at the level of the ghrelin cell was not necessarily unexpected, especially when viewed from the perspective of known prandialrelated changes in ghrelin levels (10, 11) . Perhaps more tantalizing would be to speculate on the relevance of this finding to ghrelin's important role as a regulator of blood glucose. Several studies have now demonstrated clearly that ghrelin increases blood glucose levels, likely via multiple mechanisms. Ghrelin administration to rodents dose-dependently increases fasting blood glucose, lowers insulin levels, and attenuates insulin responses during glucose tolerance testing (15, 16) . Similar ghrelin-mediated effects on blood glucose and/or insulin release have been demonstrated in isolated rodent islets and pancreata, in ghrelin-overexpressing mice, and in humans (3, 6, 15, 16, 47) . Ghrelin also directly stimulates glucagon secretion from pancreatic ␣-cells (5). Conversely, GHSR deletion lowers blood glucose, enhances insulin sensitivity, and lowers plasma glucagon (5, 36, 46, 64) . Ghrelin deletion also improves glucose tolerance, whereas simultaneous deletion of both leptin and ghrelin improves the insulin-resistant phenotype characteristic of leptin deficiency (16, 17, 54) . Strikingly, mice lacking ghrelin O-acyltransferase show a progressive decline in fasting blood glucose to the point of near death after only 1 wk of 60% calorie restriction (62) . Administration of either acyl ghrelin or growth hormone to ghrelin O-acyltransferase-deficient mice normalizes blood glucose and prevents death under these conditions, thus suggesting an essential role for ghrelin in maintaining a minimum blood glucose level to allow the survival of severely calorie-restricted mice (62) . The findings here demonstrating enhanced ghrelin secretion upon exposure of ghrelin cells to low ambient D-glucose (or simulation of a hypoglycemic state by exposure of ghrelin cells to 2-deoxy-D-glucose) and decreased ghrelin secretion upon exposure of ghrelin cells to high ambient D-glucose, together with published work describing ghrelin-induced elevations in blood glucose, suggest that ghrelin participates in blood glucose homeostatic pathways in an analogous manner to its role in body weight homeostasis. As mentioned previously, ghrelin levels rise in energy-insufficient states to stimulate food intake and fat storage, after which levels again fall. The findings here support a model by which ghrelin also both signals hypoglycemic states (its plasma levels rise) and responds to hypoglycemic states (by reducing insulin release and insulin sensitivity and by enhancing growth hormone and glucagon secretion) and then also responds appropriately upon reversal of the hypoglycemia (its plasma levels fall) (Fig. 4) .
We also investigated the ability of insulin to directly interact with ghrelin cells to regulate ghrelin secretion. Such an action would be relevant not only to ghrelin's actions in signaling and responding to hypoglycemia but also its actions on eating and body weight. Previously, it has been proposed that meal-related changes in insulin might contribute to meal-related fluxes in circulating ghrelin (20) . However, the results of previous studies examining the ability of insulin to directly interact with ghrelin cells to affect ghrelin release have been inconsistent. Our own group did not observe any statistically significant decrease in ghrelin release from SG-1 or PG-1 mouse ghrelinoma cell lines (63) , whereas another stomach ghrelinoma cell line (MGN3-1) generated using a similar transgenic strategy did reduce its release of ghrelin in a statistically significant manner and also reduced ghrelin and ghrelin O-acyltransferase mRNA levels upon exposure to insulin (28, 29) . Here, reduction in ghrelin release by insulin appeared dependent on the ambient D-glucose concentration. As such, whereas insulin was ineffective at reducing ghrelin release in a statistically significant manner in the presence of either 5 or 10 mM D-glucose, Fig. 4 . Ghrelin's roles in blood glucose control. The findings here support a model by which ghrelin both signals and responds to hypoglycemic states. Ghrelin secretion is stimulated when low blood glucose levels are sensed by ghrelin cells. Following ghrelin secretion, blood glucose is raised, at least in part, as a result of ghrelin's ability to reduce insulin release and insulin sensitivity and enhance growth hormone secretion and glucagon secretion. The raised blood glucose then feeds back upon the ghrelin cells, leading to a reduction in ghrelin secretion.
it did reduce ghrelin release from the dispersed gastric mucosal cell primary cultures in conditions of 1 mM D-glucose. Insulin's dependency on glucose concentration may explain our previous findings in the SG-1 and PG-1 cell lines, which were performed in culture medium with 5.56 mM D-glucose (63) , although it wouldn't explain the findings in MGN3-1 cells, which were performed at 25 mM D-glucose (28, 29) . The presence of insulin receptor mRNAs within highly enriched populations of ghrelin cells as well as within the SG-1, PG-1, and MGN3-1 ghrelinoma cells (28, 29) does support the idea that insulin can act directly on ghrelin cells to modulate ghrelin cell physiology.
Indeed, previous in vivo studies in humans also support the notion that both insulin and D-glucose can regulate ghrelin release (19, 20, 38) . In one of these studies, infusion of insulin with purposeful maintenance of normoglycemia (90 mg/dl), achieved by infusion of dextrose, led to a rapid fall in acyl ghrelin levels, suggesting that insulin suppresses ghrelin release independently of the degree of glycemia (19) . Subsequent hypoglycemia (50 mg/dl), achieved by maintaining the insulin infusion rate but lowering the dextrose infusion rate, had no significant effect on ghrelin levels, suggesting that hypoglycemia does not reverse the fall in ghrelin induced by hyperinsulinemia (19) . Induction of hyperglycemia (160 mg/dl), achieved by maintaining the insulin infusion rate but raising the dextrose infusion rate, resulted in a further decline in plasma ghrelin, suggesting that high blood glucose also suppresses ghrelin release independently of insulin (19) . Obviously, there are some differences in D-glucose-related sensitivity to insulin in this human study (19) and the current in vitro culture system that will need to be explored further.
Of note and as mentioned above, ingestion by healthy lean human volunteers of drinks composed predominantly of carbohydrates had been shown to have a biphasic effect on plasma ghrelin, first lowering its levels below baseline and subsequently raising its levels above baseline (20) . The late overshoot of plasma ghrelin observed in that study coincided with blood glucose levels that were decreased below baseline and insulin levels that were only slightly elevated above baseline. This observation prompted the authors of that study to hypothesize that the late postcarbohydrate overshoot in plasma ghrelin may have resulted from lowered intracellular glucose metabolism associated with blood glucose levels that had decreased below baseline (20) . Our findings here upon exposure of the primary cultures to low D-glucose or to the antimetabolite 2-deoxy-D-glucose support such a hypothesis. Also of interest as it relates to ghrelin's proposed roles in responding to states of both energy insufficiency and hypoglycemia, food intake in rats induced by 2-deoxy-D-glucose glucoprivation has been shown to be blunted by pretreatment with anti-ghrelin antibodies (52) .
The mechanisms by which low D-glucose and high D-glucose states directly regulate ghrelin release have admittedly not been fully determined by the studies performed here. What does seem apparent, though, by the findings with 2-deoxy-Dglucose and L-glucose is that metabolism of D-glucose within ghrelin cells does contribute to an inhibition of ghrelin release. Entry of D-glucose into the ghrelin cell may occur via transport by one or more members of the facilitative glucose transporter family identified within ghrelin cells, including GLUT1, GLUT4, and GLUT5. Once within the ghrelin cell, metabolism might begin via interaction with glucokinase or one of the hexokinases, which were also identified within ghrelin cells. Glucokinase plays a key role in glucose metabolism within the pancreatic ␤-cell, where it serves as an important glucose sensor, and within other cell types. Further downstream, metabolites of D-glucose might change the activity of the Kir6.2/ SUR1 K ATP channel, the components of which also were identified within ghrelin cells, although exposure of the primary gastric mucosal cell pools to the sulfonylurea tolbutamide or to diazoxide, which are expected to close or open the K ATP channel, respectively, had no effect on ghrelin release. However, although a mechanism by which glucose transport followed by glucose metabolism, K ATP channel closure, cellular depolarization, and an ensuing stimulatory effect on secretion seems intuitive in a system such as the pancreatic ␤-cell (in which a high glucose state is associated with insulin secretion), such an equivalent pathway within ghrelin cells does not seem obvious (since ghrelin secretion is expected in low glucose states). In this regard, ghrelin cells seem more akin to pancreatic ␣-cells, in which glucagon secretion occurs in the setting of low glucose. Similarly to both pancreatic ␤-cells and ghrelin cells, pancreatic ␣-cells express Kir6.2/SUR1 complexes, and they also contain K ATP conductance (2, 22, 44) . Of note, whereas tolbutamide increases insulin release, its application to pancreatic ␣-cells has been shown in many (but not all) studies to suppress glucagon release (21) (22) (23) . It has been proposed that the opposite effects of D-glucose and tolbutamide on insulin secretion by pancreatic ␤-cells and on glucagon secretion by pancreatic ␣-cells are the consequence of the two different cell types being equipped with different sets of voltage-dependent ion channels that lead to different electrophysiological characteristics (22) . A similar phenomenon might occur within gastric ghrelin cells. Other similar features between ghrelin cells and pancreatic ␣-cells include lack of GLUT2 expression, whereas pancreatic ␤-cells contain high levels of GLUT2 (24) . Differential expression of GLUT2, and more broadly, members of the facilitative glucose transport family, has been associated with differences in glucose transport kinetics (24) and may contribute to the differential cellular responses to D-glucose. More work will be required to more clearly define the mechanism by which D-glucose interacts with glucose transporters, glycolytic enzymes, and ion channels within the ghrelin cell to regulate ghrelin release.
We also investigated the effects of somatostatin, secretin, and endothelin-1 on ghrelin release based on published reports of such activity. For instance, gastric submucosal microinfusion of both secretin and endothelin-1 stimulated ghrelin secretion in rats, whereas somatostatin inhibited ghrelin release (14) . Using that same technique, neither insulin nor D-glucose affected ghrelin release (14) . MGN3-1 mouse ghrelinoma cells demonstrated somatostatin-induced suppression of ghrelin secretion and expression of SSTR2, SSTR3, SSTR5, and SSTR5 (but not SSTR1) but a lack of an effect of secretin on ghrelin release (28, 29) . Here, we failed to demonstrate a statistically significant effect of somatostatin and secretin on ghrelin release. This is despite the finding of receptors for those peptide hormones in ghrelin cell-enriched pools of gastric mucosal cells, which would otherwise suggest the ability of somatostatin and secretin to affect ghrelin cell physiology in some way. It is possible that the sensitivity to ambient D-glucose concentration, which is observed here for norepinephrine and insulin, may also help to explain a lack of responsiveness to somatostatin and secretin. It also is possible that the effects of these agents on ghrelin secretion might be apparent only upon simultaneous exposure to other hormones. Endothelin-1 had no effect on ghrelin release here, which might coincide with the barely detectable or lack of detectable levels of its receptors within ghrelin cells.
In conclusion, we have used a dispersed gastric mucosal cell primary culture system and qPCR on highly enriched pools of ghrelin cells to investigate ghrelin secretion. In particular, the enhanced ghrelin release observed in low D-glucose conditions and the reduced ghrelin release observed in high D-glucose conditions, when viewed together with ghrelin's roles in the setting of severe caloric restriction to normalize and prevent life-threatening falls in blood glucose (62) , help solidify an important role for ghrelin in blood glucose homeostasis.
